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Introduction {#sec001}
============

Glutathione S-transferase (GST; EC 2.5.1.18) is one of three major groups of enzymes that carry out detoxification (elimination of foreign, cytotoxic, and genotoxic compounds) and is found in virtually all organisms \[[@pone.0205274.ref001], [@pone.0205274.ref002]\]. GSTs belong to a supergene family of multifunctional enzymes and are grouped into different species-independent gene classes \[[@pone.0205274.ref003]--[@pone.0205274.ref005]\]. GSTs protect cellular macromolecules (proteins and nucleic acids) from various endogenous and exogenous electrophilic reactive compounds \[[@pone.0205274.ref006]--[@pone.0205274.ref008]\] and neutralize these toxic compounds by conjugating a thiol nucleophilic moiety from reduced glutathione (GSH, γ-glutamyl-cysteinyl-glycine) with electrophilic centres of the xenobiotic compounds \[[@pone.0205274.ref004], [@pone.0205274.ref007], [@pone.0205274.ref009]\]. Moreover, GSTs also regulate signalling pathways via protein-protein interactions \[[@pone.0205274.ref001], [@pone.0205274.ref010], [@pone.0205274.ref011]\]. GSTs are further sub-grouped into a cytosolic family and membrane-bound microsomal family \[[@pone.0205274.ref012]--[@pone.0205274.ref014]\]. Cytosolic GSTs are soluble and stable and consist of homo- or heterodimers with two-fold axes \[[@pone.0205274.ref003], [@pone.0205274.ref004], [@pone.0205274.ref015]\]. Cytosolic GST subunits are approximately 22--28 kDa in size and are divided into sixteen classes based on amino acid sequence similarity, substrate specificity, inhibitor sensitivity, and immunological cross-reactivity. Eight (Alpha \[α\], Mu \[μ\], Pi \[π\], Sigma \[σ\], Theta \[θ\], Omega \[Ω\], Kappa \[κ\], and Zeta \[ζ\]) of these 16 classes are found in mammals \[[@pone.0205274.ref012], [@pone.0205274.ref016]--[@pone.0205274.ref018]\].

GST class μ (GSTM; 51.5 kDa) is a homodimeric protein \[[@pone.0205274.ref019], [@pone.0205274.ref020]\]. Each subunit comprises two structural domains: the N-terminal domain (NTD) and the C-terminal domain (CTD). The NTD (1--81 residues) adopts a thioredoxin fold (βαβαββα motif), which is highly conserved through GST classes and contains a GSH-binding pocket. The CTD is larger (90--217 residues) and consists of 5 α-helices \[[@pone.0205274.ref003], [@pone.0205274.ref020]--[@pone.0205274.ref022]\]. The GSH-binding site is located on at the NTD; however, residues at the CTD interact with various hydrophobic xenobiotic substrates. Structural folds of the CTD are more variable than those of the NTD, which presumably facilitate specificity and binding of various structurally diverse xenobiotic compounds \[[@pone.0205274.ref003], [@pone.0205274.ref023]\].

Part of the active site is located on the dimer interface; therefore, GST dimerization is essential to for its activation \[[@pone.0205274.ref023], [@pone.0205274.ref024]\]. Moreover, interactions at the GST dimer interface also contribute to conformational stabilization, dynamics of the individual subunits, and cooperative behaviour between the two subunits of GSTs \[[@pone.0205274.ref025]--[@pone.0205274.ref032]\]. Hydrophobic NTD residues and charged CTD residues located at the dimer interface join the two subunits together \[[@pone.0205274.ref024], [@pone.0205274.ref026], [@pone.0205274.ref032], [@pone.0205274.ref033]\]. A cooperative two-state unfolding pathway has been reported in equilibrium unfolding studies on GST α1--1, π1--1, and Sj26GST \[[@pone.0205274.ref025], [@pone.0205274.ref034], [@pone.0205274.ref035]\], while a multistate pathway, with monomeric or even dimeric folding intermediates, has been reported in GST μ and σ \[[@pone.0205274.ref030], [@pone.0205274.ref036], [@pone.0205274.ref037]\].

*Camelus dromedarius* is adapted to extreme desert climate including elevated solar radiation, temperature, dryness, low nutrition, and scarcity of water \[[@pone.0205274.ref038], [@pone.0205274.ref039]\]. They are exposed to intrinsic and xenobiotic toxic agents that can damage cellular macromolecules (proteins and nucleic acids). Therefore, functional genomic characterisation of *C*. *dromedarius* genes involved in the stress response and adaptation is essential. Camel GSTM is an important detoxifying enzyme involved mediating survival and adaptation under stressful conditions.

In this study, recombinant camel GSTM1 was produced and purified from *E*. *coli*. Structural, functional, and thermodynamic characteristics and unfolding pathways of *Cd*GSTM1 were investigated at pH 1.0--10.0, using several advanced biophysical techniques.

Results {#sec002}
=======

Multiple sequence alignment {#sec003}
---------------------------

The amino acid sequence of *Cd*GSTM1 was aligned with ten homologous mammalian GSTM1 by MAFFT Multiple Sequence Alignment \[[@pone.0205274.ref040]\] ([Fig 1A](#pone.0205274.g001){ref-type="fig"}). Multiple sequence alignment showed that *Cd*GSTM1 has the highest sequence identity with *V*. *pacos* GSTM1 (96%). *Cd*GSTM1 showed 96, 86, 85, 81, 80, 80, 80,78, 78 and 75% identity with *V*. *pacos* GSTM1, *C*. *hircus* GSTM1, *B*. *Taurus* GSTM1, *C*. *l*. *familiaris* GSTM1-1, *N*. *leucogenys* GSTM1-1, *H*. *sapiens* GSTM1-1, *M*. *lucifugus* GSTM1-3, *P*. *abelii* GSTM1-2, *R*. *norvegicus* GSTM3, *M*. *caroli* GSTM1, respectively ([Fig 1A](#pone.0205274.g001){ref-type="fig"}). The amino acid sequence alignment showed active site residues and dimer interface charge cluster are highly conserved ([Fig 1A](#pone.0205274.g001){ref-type="fig"}). Due to unavailability of X-ray/NMR structure of *Cd*GSTM1, the 3D structure of CdGSTM1 was modeled using 2.68 Å X-ray diffraction structure of ligand-free hGSTM1A-1A (PDBID: 1GTU) as a template. Modeled 3D structure of *Cd*GSTM1 was superimposed on hGSTM1A-1A ([Fig 1B](#pone.0205274.g001){ref-type="fig"}), indicated a high degree of similarity.

![**(A) Multiple sequence alignment of homologous mu-class GSTs.** Alignment of *Cd*GSTM1 amino acid sequence with mammalian homologous mu-class GSTs. The alignment was generated by MAFFT Multiple Sequence Alignment algorithm. *C*. *dromedaries*, *V*. *pacos*, *C*. *hircus*, *B*. *taurus*, *N*. *leucogenys*, *C*. *l*. *familiaris*, *H*. *sapiens*, *P*. *abelii*, *M*. *lucifugus*, *R*. *norvegicus and M*. *caroli* were included in the alignment. Conserved Phe-57 at the interface indicated with an arrow. Mix charge cluster in a 24-residue-long stretch is labelled. The active-site residues involved in ligand interaction are labelled with an asterisk. (B) **Structural features of *Cd*GSTM1**. Superimposed 3D structure of *Cd*GSTM1 (orange) with *h*GSTM1 (blue). The superimposition indicated very high similarity between the conformation structures of *Cd*GSTM1 with *h*GSTM1. The hydrophobic lock-and-key forming residue (Phe57) is labelled.](pone.0205274.g001){#pone.0205274.g001}

Purification and determination of the quaternary structure of recombinant *Cd*GSTM1 {#sec004}
-----------------------------------------------------------------------------------

*Cd*GSTM1 was over-expressed and purified from *E*. *coli*. Active GSH-agarose elution fractions were pooled. The pooled fraction was further purified via size-exclusion chromatography to eliminate impurities and GSH ([Fig 2A](#pone.0205274.g002){ref-type="fig"}). A single sharp peak was observed at 70 mL of eluted volume which is indicated that the fractions contained a homogenous population of dimeric *Cd*GSTM1. Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) was also performed to confirm the level of *Cd*GSTM1 homogeneity (purity). SDS-PAGE revealed a single band at \~26 kDa, thereby confirming that *Cd*GSTM1 was highly pure ([Fig 2A](#pone.0205274.g002){ref-type="fig"} inset). The yield of soluble, pure *Cd*GSTM1 protein was approximately 30 mg L^-1^ in a shake-flask culture. The quaternary structure of the purified protein was determined using an analytical Superdex 200 column. *Cd*GSTM1 was eluted at a volume of 15.3 mL, which corresponds to approximately 50.58 kDa which, is similar to the calculated molecular weight (51.5 kDa) of dimeric *Cd*GSTM1 ([Fig 2B](#pone.0205274.g002){ref-type="fig"}).

![Purification and characterization of *Cd*GSTM1.\
(A) Pooled active fractions from reduced glutathione-agarose was loaded on a Superdex 75 column. *Cd*GSTM1 was eluted at a single symmetrical peak. Purity analysis on sodium dodecyl sulphate polyacrylamide gel electrophoresis is shown in the *inset*. Lane 1 contains a low-molecular-weight marker; lane 2, the pool of size-exclusion chromatography (SEC) fractions. (B) Molecular weight determination of *Cd*GSTM1 is shown. Superdex 200 increase column was calibrated with different molecular weight proteins, shown in the inset. SEC-purified protein was loaded onto a calibrated Superdex 200 increase column. The molecular weight of *Cd*GSTM1 was determined from its elution volume (Ve).](pone.0205274.g002){#pone.0205274.g002}

Effect of pH change on *Cd*GSTM1 activity {#sec005}
-----------------------------------------

The enzymatic activity of *Cd*GSTM1 was measured via equilibration at pH 1.0 to 10.0, and subsequently, residual activity was evaluated using 2,4-dinitrochlorobenzene (CDNB) as a substrate at optimum pH of 6.5 \[[@pone.0205274.ref041]\]. As shown in [Fig 3](#pone.0205274.g003){ref-type="fig"}, enzymatic activity of *Cd*GSTM1 drastically decreased below pH 4.0, probably owing to denaturation or dissociation of *Cd*GSTM1 subunits. However, loss of enzymatic activity at acidic pH was reversible (data not shown).

![Effect of pH on *Cd*GSTM1 activity.\
*Cd*GSTM1 (0.2 mg mL^-1^) was incubated overnight in 50 mM buffers with various pH ranges (pH 1.0 to 10.0) with a pH 1.0 interval. Residual GST activity was measured at 25°C in 100 mM phosphate buffer (pH 6.5) containing 1 mM GSH and 1 mM 2,4-dinitrochlorobenzene.](pone.0205274.g003){#pone.0205274.g003}

Effect of pH change on *Cd*GSTM1 conformation {#sec006}
---------------------------------------------

Far-UV CD, fluorescence spectroscopy, and SEC were performed to investigate changes in the secondary, tertiary, and quaternary structure of *Cd*GSTM1 at different pH values. Before the measurements, *Cd*GSTM1 was incubated overnight at different pH values ranging from 1.0--10.0. Intrinsic fluorescence measurements provided clear information regarding protein tertiary structural change. The primary intrinsic fluorophores in proteins are tryptophan (Trp), tyrosine, and phenylalanine. Total fluorescence spectra of *Cd*GSTM1 at different pHs are shown in [Fig 4](#pone.0205274.g004){ref-type="fig"}. From the figure, it was recorded that the *Cd*GSTM1 at pH 7.0 showed maximum fluorescence intensity at 336 nm, confirming that *Cd*GSTM1 exists in a well-folded form. The fluorescence emission maximum of *Cd*GSTM1 remained unchanged in the range of 5.0--9.0 pH, indicating that the tertiary structure of *Cd*GSTM1 was intact ([Fig 4](#pone.0205274.g004){ref-type="fig"}, inset). However, between pH 3.0 and 5.0, the wavelength maximum of *Cd*GSTM1 was 6.0 nm (red shifted). The red shift in the wavelength maximum signified that the tryptophan residues were exposed to the polar environment, thus indicating changes in protein tertiary structure. Moreover, the maximum wavelength remained unchanged below pH 3.0, indicating that the same microenvironment around tryptophan residues was retained. Fluorescence intensity of *Cd*GSTM1 increased gradually with a reduction in pH because the position of certain amino acid residues changed apart from the Trp residues, which were responsible for quenching of Trp fluorescence. Such pH-dependent changes were also reported previously \[[@pone.0205274.ref042]\]. The shift in maximum wavelength suggests that dimeric *Cd*GSTM1 either begins monomerising below pH 5.0 or undergoes a loss of tertiary structure interactions, which were further characterized by other advance techniques.

![Total fluorescence spectra of *Cd*GSTM1 at different pH values.\
*Cd*GSTM1 (0.1 mg mL^-1^) was excited at 280 nm at different pH values. Data collected from 300 to 400 nm at 22°C are shown. Each spectrum at different pH is colour-coded. *λmax* and *Imax* are plotted with respect to pH, shown in the *insets*.](pone.0205274.g004){#pone.0205274.g004}

Changes in the secondary structure of *Cd*GSTM1 with changes in pH {#sec007}
------------------------------------------------------------------

Far-UV CD was used to characterize the change in the secondary structure of *Cd*GSTM1 with respect to change in pH. The secondary structure of *Cd*GSTM1 at different pH values was analysed via far-UV CD (200--250 nm) measurements ([Fig 5](#pone.0205274.g005){ref-type="fig"}). Far-UV CD spectra of *Cd*GSTM1 at pH 7.0 yielded two negative minima, one at 208 and the other at 222 nm, which is a characteristic feature of an alpha helix ([Fig 5A](#pone.0205274.g005){ref-type="fig"}). Changes in the negative ellipticity of *Cd*GSTM1 at 208 and 222 nm were insignificant at pH 1.0--10.0. CDNN analysis revealed that percent secondary structure contents (alpha-helical, beta-sheet, beta-turn, and random coil) of *Cd*GSTM1 were not significantly altered with changes in pH ([Fig 5B](#pone.0205274.g005){ref-type="fig"}). Far-UV CD results indicated that the secondary structure of *Cd*GSTM1 was remained stable with changes in pH.

![Far-UV circular dichroism (CD) spectra of *Cd*GSTM1 at different pH values.\
(A). Far-UV CD spectra of 0.2 mg mL^-1^ *Cd*GSTM1 at pH 1.0 to 10.0. Changes in ellipticities at 208 and 222 nm at different pH are plotted in the *inset* figure. (B) Relative changes in the *Cd*GSTM1 secondary structure contents (%) at different pH values were calculated via CDNN. Each structure labelled on the curve.](pone.0205274.g005){#pone.0205274.g005}

The 8-anilino-1-naphthalenesulfonic acid (ANS) binding assay {#sec008}
------------------------------------------------------------

Exposure of hydrophobic patches in *Cd*GSTM1 at different pH were characterized by ANS fluorescence measurements. ANS is a hydrophobic, sensitive dye, which binds with hydrophobic regions of proteins. At pH 7.4, the *Cd*GSTM1 displayed maximum fluorescence intensity at 518 nm, which confirms that *Cd*GSTM1 is well-folded, while at an acidic pH (pH 2.0) the fluorescence intensity was increased by approximately two folds with maximum wavelength blue-shifted up to 10 nm ([Fig 6A](#pone.0205274.g006){ref-type="fig"}). Increase in ANS fluorescence intensity and blue-shift in maximum wavelength signified that the *Cd*GSTM1 was either partially unfolded or monomerised.

![**(A) Effect of pH on the binding of 8-anilino-1-naphthalenesulfonic acid (ANS) with *Cd*GSTM1.** The binding of ANS (200 μM) with *Cd*GSTM1 (4 μM) at pH 1.0--10.0 was monitored by excitation at 380 nm (bandwidth 2.5 nm) and emission spectra collected from 400--600 nm (bandwidth 5 nm) at 22°C. **(B)** Rayleigh light scattering measurements of *Cd*GSTM1 (0.1 mg mL^-1^) were obtained at 500 nm wavelength at pH 1.0--10.0.](pone.0205274.g006){#pone.0205274.g006}

Rayleigh light scattering measurements {#sec009}
--------------------------------------

Rayleigh light scattering was performed to investigate pH-dependent *Cd*GSTM1 aggregation. Light scattering of samples was monitored at 500 nm to determine the aggregation behaviour of *Cd*GSTM1 at different pH values. As shown in [Fig 6B](#pone.0205274.g006){ref-type="fig"}, light scattering was insignificant at all the pHs values. Thus, *Cd*GSTM1 does not form aggregates at any pH.

Gel-permeation chromatography {#sec010}
-----------------------------

Gel-permeation chromatography is used to separate [proteins](https://en.wikipedia.org/wiki/Analyte) on the basis of size and it is also used to determine the changes in the quaternary structure of proteins. Intrinsic and ANS fluorescence analyses revealed that camel *Cd*GSTM1 undergoes a sharp transition between pH 3.0 and 5.0, probably owing to pH-dependent monomerisation or partial unfolding. Therefore, gel-permeation chromatography was performed to distinguish the level of monomerisation at pH 2.0 (after transition), 4.0 (during the transition), and 7.0 (before the transition; [Fig 7](#pone.0205274.g007){ref-type="fig"}). At pH 7.0, *Cd*GSTM1 was eluted at a single symmetrical peak (blue), corresponding with its dimeric state ([Fig 2B](#pone.0205274.g002){ref-type="fig"}). When *Cd*GSTM1 was equilibrated at pH 4.0 (pink), gel-permeation chromatograms revealed two peaks, one at 16.3 mL and the other at 25.9 mL, indicating that two types of populations were obtained: one with the size of the dimeric state; the other, the monomeric state. *Cd*GSTM1 incubated at pH 2.0 yielded peaks at 22.2 and 25.9 mL similar to those of the monomeric state (black). Gel-permeation chromatography revealed that above pH 5.0, *Cd*GSTM1 exists in its dimeric form; however, between pH 3.0 and 5.0, it exists in a monomeric-dimeric equilibrium and below pH 3.0, it exists only in the monomeric form.

![Determination of the quaternary structure of *Cd*GSTM1 at different pH values.\
*Cd*GSTM1 (0.25 mg) at pH 2.0, 4.0, and 7.0 was passed through calibrated Superdex 200 increase column. *Cd*GSTM1 at pH 7.0 eluted in a single peak corresponding to the dimeric form (blue) is shown. At slight acidic pH 4.0 (pink), a small peak corresponding to dimer and one peak of monomeric size was observed. At acidic pH 2.0 (black), monomeric protein in two populations was detected.](pone.0205274.g007){#pone.0205274.g007}

Glutaraldehyde cross-linking {#sec011}
----------------------------

Glutaraldehyde cross-linking is widely used techniques to distinguish the subunit composition (monomer, dimer and tetramer) of proteins. pH-dependent changes in the quaternary structure of *Cd*GSTM1 were further investigated via glutaraldehyde cross-linking ([Fig 8](#pone.0205274.g008){ref-type="fig"}). *Cd*GSTM1 treated at pH 2.0, 4.0, and 7.0 was passed through a Superdex 200 column to separate *Cd*GSTM1 monomers from dimers ([Fig 7](#pone.0205274.g007){ref-type="fig"}). The samples of *Cd*GSTM1 at pH 2.0, 4.0, and 7.0 before and after gel filtration were cross-linked with glutaraldehyde. The cross-linked products of *Cd*GSTM1 before ([Fig 8A](#pone.0205274.g008){ref-type="fig"}) and after ([Fig 8B](#pone.0205274.g008){ref-type="fig"}) gel filtration were further analysed via SDS-PAGE. As shown in [Fig 8A](#pone.0205274.g008){ref-type="fig"}, *Cd*GSTM1 at pH 2.0 (lane 2) showed a predominant band at the monomeric size of *Cd*GSTM1 (dissociated state). *Cd*GSTM1 at pH 4.0 (lane 3) exists as a dimer and dissociated form, which cross-links with high-molecular-weight aggregates (which remained at the top of the gel). At pH 7.0 (lane 4), a prominent band corresponding to the dimeric form of *Cd*GSTM1 was observed.

![Sodium dodecyl sulphate polyacrylamide gel electrophoresis profiles of glutaraldehyde cross-linked *Cd*GSTM1at pH 2.0, 4.0, and 7.0 before and after size-exclusion chromatography (SEC).\
**(A)** Crosslinking before SEC. Lane 1, low-molecular-weight marker; lane 2, pH 2.0, cross-linked before SEC; lane 3, pH 4.0, cross-linked before SEC; lane 4, pH 7.0, cross-linked before SEC. **(B)** Crosslinking after SEC. Lane 1, pH 2.0, peak 1, cross-linked After SEC; lane 2, pH 2.0, peak 2, cross-linked After SEC; lane 3, pH 4.0, peak 1, cross-linked After SEC; lane 4, pH 4.0, peak 2, cross-linked After SEC; lane 5, pH 7.0, peak 1, cross-linked After SEC; lane 6, low-molecular-weight marker.](pone.0205274.g008){#pone.0205274.g008}

*Cd*GSTM1 at different pH was loaded on a 24-mL bed volume Superdex 200 column to separate monomer-dimer species of *Cd*GSTM1. At pH 2.0, *Cd*GSTM1 was dissociated and eluted at two peaks (22.2 and 25.9 mL). Although 150 mM NaCl was added in the gel filtration buffer to suppress protein-matrix interactions, *Cd*GSTM1at pH 2.0 was retained in the column and eluted near the column bed volume. Similarly, *Cd*GSTM1 at pH 4.0, where it exits in a monomer-dimer equilibrium, eluted at two peaks. The dimer eluted at the expected peak (16.3 mL), followed by the monomeric form after crossing the bed volume owing to retention in the matrix. All elution peaks obtained at pH 2.0, 4.0, and 7.0 were separately subjected to glutaraldehyde cross-linkage ([Fig 8B](#pone.0205274.g008){ref-type="fig"}). The first peak at pH 2.0 displayed cross-linkage in the monomeric form (lane 1) and the second peak was very small and showed a faint band corresponding to the monomeric size of *Cd*GSTM1 (lane 2). At pH 4.0, *Cd*GSTM1 was eluted into very small peaks, which yielded very faint bands on SDS-PAGE (lane 3 and 4). *Cd*GSTM1 at pH 7.0 eluted at the dimeric size and the cross-linked form revealed the predominant dimeric state (lane 5). Furthermore, all peaks at different pH values were subjected to trichloroacetic acid precipitation and analysed via SDS-PAGE, thereby revealing the monomeric size of *Cd*GSTM1 (data not shown).

Acrylamide quenching fluorescence {#sec012}
---------------------------------

Acrylamide quenching measurements were done to characterize the Trp exposure of proteins. The exposure of Trp amino acid residues to polar solvents was identified via uncharged acrylamide quenching measurements. The present results provide a detailed insight into conformational changes in *Cd*GSTM1 protein at different pH conditions. [Fig 9](#pone.0205274.g009){ref-type="fig"} depicts the Stern-Volmer plot for *Cd*GSTM1 protein at different pH values. The Stern-Volmer quenching constant (Ksv) values are shown in [Table 1](#pone.0205274.t001){ref-type="table"}. As shown in [Fig 9](#pone.0205274.g009){ref-type="fig"} and [Table 1](#pone.0205274.t001){ref-type="table"}, the Ksv values in the native state at an acidic pH and in the presence of 6M GdnHCl are as follows: 5.68 (pH 7.4), 5.93 (pH 2.0), and 6.16 M (6M GdnHCl). The Ksv values of *Cd*GSTM1 at pH 7.4 were markedly low because of complete folding of *Cd*GSTM1 and the Ksv values at 6M GdnHCl denaturation of *Cd*GSTM1 were the highest because of higher exposure of Trp residues owing to complete unfolding of the *Cd*GSTM1 protein. However, Trp residues were also exposed at pH 2.0, but to a lesser extent than in 6M GdnHCl-treated samples. Hence, *Cd*GSTM1 exists in a well-folded form at a native pH, slightly unfolded at low pH, and completely unfolded in the presence of 6M GdnHCl. The slight exposure of Trp residues at pH 2.0 suggests that either *Cd*GSTM1 is partially unfolded or the subunit dissociation.

![Identification of exposure of tryptophan residues via acrylamide quenching.\
The Stern-Volmer Plot from acrylamide quenching of *Cd*GSTM1 at native pH (7.4) (black square), acidic pH (2.0) (red circle) and in the presence of 6M GdnHCl (blue triangle).](pone.0205274.g009){#pone.0205274.g009}

10.1371/journal.pone.0205274.t001

###### Acrylamide quenching constant (Ksv) values at three different conditions.

![](pone.0205274.t001){#pone.0205274.t001g}

  S.No.   Conditions   *K*~*sv*~M^-1^   R^2^
  ------- ------------ ---------------- -------
  1       pH 7.4       5.68             0.997
  2       pH 2.0       5.93             0.993
  3       6M GdnHCl    6.16             0.999

Thermal stability of *Cd*GSTM1 at different pH, determined via the thermal shift assay {#sec013}
--------------------------------------------------------------------------------------

We have determined the thermal stability of *Cd*GSTM1 at pH 1.0--10.0 in response to changes in intrinsic tryptophan fluorescence. The temperature-melting curves of the samples were obtained through gradual heating at a constant rate of 1°C min^-1^. *Cd*GSTM1 formed visible aggregates above 75°C between pH 5.0 and 10.0. However, below pH 3.0, no aggregates were observed up to 94°C. Therefore, *Cd*GSTM1 samples between pH 5.0 and 10.0 were gradually heated till 70°C and samples below pH 3.0 were subjected to thermal denaturation till 94°C. The emission ratio of 350 nm to 330 nm was plotted with respect to temperature at the different pH values ([Fig 10](#pone.0205274.g010){ref-type="fig"}). The ratio of 350/330 nm was clustered in two groups owing to a shift in λ~max~ (6-nm red-shift) at pH ≤3.0.

![The thermal shift assay for *Cd*GSTM1 at pH 1.0--10.0.\
Intrinsic tryptophan fluorescence was used to determine the thermal stability of *Cd*GSTM1 at different pH values. *Cd*GSTM1 at pH 5.0 to 10.0 was continuously heated a rate of 1°C min^-1^ from 30 to 70°C, while *Cd*GSTM1 at pH 1.0 to 3.0 was heated from 30 to 85°C. Samples were excited at 295 nm (10 nm bandwidth) and emission at 330 and 350 nm (10 nm bandwidth) were recorded. The emission ratio of 350 nm to 330 nm was plotted with respect to temperature. *Cd*GSTM1 at different pH values undergoes thermal unfolding via a single transition. The mid-point of the thermal transition was identified as thermal melting point (*Tm*).](pone.0205274.g010){#pone.0205274.g010}

*Cd*GSTM1 undergoes a single thermal transition at all pHs. The tertiary structure of *Cd*GSTM1 undergoes thermal denaturation via a two-state unfolding pathway at all pH values ([Fig 10](#pone.0205274.g010){ref-type="fig"}). In this study, thermal stability of *Cd*GSTM1 was moderate between pH 1.0 and 10.0 ([Table 2](#pone.0205274.t002){ref-type="table"}). *Cd*GSTM1 was relatively more stable at an acidic pH than at neutral and alkaline pH. Exceptionally high stability (65.2°C) at pH 3.0 might have resulted from monomer-dimer equilibrium.

10.1371/journal.pone.0205274.t002

###### Thermal melting point (*Tm*) of *Cd*GSTM1at pH 1.0--10.0.

![](pone.0205274.t002){#pone.0205274.t002g}

  pH     *Tm* (^o^C)
  ------ -------------
  1.0    56.4
  2.0    54.8
  3.0    65.2
  5.0    51.0
  6.0    49.5
  7.0    49.0
  8.0    49.2
  9.0    48.0
  10.0   45.7

Thermodynamic and spectroscopic properties of dimeric and monomeric *Cd*GSTM1 revealed through dynamic multimode spectroscopy {#sec014}
-----------------------------------------------------------------------------------------------------------------------------

Dynamic multimode spectroscopy is an information-rich experimental technique based on far-UV CD to determine changes in secondary structure in the entire temperature range and furnishes thermodynamic data \[[@pone.0205274.ref043], [@pone.0205274.ref044]\]. Therefore, the dimeric form (pH 7.0) and monomeric form (pH 2.0) of *Cd*GSTM1 were subjected to dynamic multimode spectroscopy (DMS) to evaluate structural and thermodynamic properties in both states. The samples at pH 7.0 were constantly heated (1°C min^-1^) from 20--75°C, while the sample at pH 2.0 was heated up to 94°C under identical conditions. Far-UV CD spectra of both samples were recorded between 200 and 260 nm as a function of temperature. Selected wavelengths are shown in [Fig 11](#pone.0205274.g011){ref-type="fig"}. Dimeric *Cd*GSTM1 (pH 7.0) and monomeric *Cd*HSTM1 (pH 2.0) unfold via a single transition. At pH 7.0, they undergo sharp thermal transitions and secondary structure is completely lost at 57°C, while *Cd*GSTM1 at pH 2.0 follows shallow thermal transition and retains nearly half of the secondary structure up to 94°C. The thermal melting points (*Tm*) and van\'t Hoff enthalpy of *Cd*GSTM1 at both pHs were determined via Global 3 analysis software, Applied Photophysics Ltd, UK. The *Tm* of dimeric *Cd*GSTM1 at pH 7.0 was 51.5 ± 0.1°C and van\'t Hoff enthalpy was 666.4 ± 9.8 kJ mol^-1^. The *Tm* of monomeric *Cd*GSTM1 was higher 54.2 ± 0.1°C; however, the van\'t Hoff enthalpy was quite low (116.5 ± 0.8 kJ mol^-1^). The thermal shift assay also yielded a single thermal transition with *Tm* values of 49.0 and 54.8°C at pH 7.0 and 2.0, respectively ([Fig 10](#pone.0205274.g010){ref-type="fig"}).

![Temperature-dependent conformational changes in dimeric and monomeric *Cd*GSTM1 at different wavelengths.\
Far-UV circular dichroism spectra values represented in mdeg units and plotted as a function of temperature. Thermal transitions were processed using Global 3 software, especially developed to analyse dynamic multimode spectroscopy data. Wavelengths are colour-coded. Single thermal transitions are clearly visible at wavelengths between 208 and 225 nm.](pone.0205274.g011){#pone.0205274.g011}

Changes in secondary structure conformation at different temperature are shown in [Fig 12](#pone.0205274.g012){ref-type="fig"}. At pH 7.0, loss of the secondary structure was observed beyond 45°C and was completely lost at 57°C. During thermal unfolding beyond 45°C, a 222-nm peak shifted towards single a 225-nm peak ([Fig 12A](#pone.0205274.g012){ref-type="fig"}). Thermal stress at pH 7.0 led to the conversion of *Cd*GSTM1 from an alpha helical structure into a cross-beta sheeted structure, which aggregated beyond 75°C \[[@pone.0205274.ref045]\]. However, thermal denaturation of monomeric *Cd*GSTM1 led to the conversion of the same alpha-helical structure to a random-coil structure ([Fig 12B](#pone.0205274.g012){ref-type="fig"}). Hence, monomeric *Cd*GSTM1 slowly loses its secondary structure beyond 30°C but retains nearly half of its secondary structure even up to 94°C.

![Far-UV circular dichroism (CD) spectra of *Cd*GSTM1 at different temperatures.\
**(A)** *Cd*GSTM1 (0.2 mg mL^-1^) at pH 7.0 was heat denatured at constant rate (1°C/min). Far-UV CD spectra were collected from 200--260 nm at intervals of 1°C from 20--75°C. **(B)** *Cd*GSTM1 (0.2 mg mL^-1^) at pH 2.0 was heat-denatured and data collected under identical condition from 20--94°C.](pone.0205274.g012){#pone.0205274.g012}

Thereafter, we measured the reversibility of thermal unfolding in dimeric and monomeric *Cd*GSTM1. As shown in [Fig 13](#pone.0205274.g013){ref-type="fig"}, dimeric *Cd*GSTM1 at 20°C is an alpha-helical protein, which has completely lost its secondary structure at 75°C. Moreover, heat-denatured dimeric *Cd*GSTM1 could not refold. Monomeric *Cd*GSTM1 at pH 2.0 was also alpha-helical at 20°C, but converted into a completely reversible random-coiled dominant structure at 94°C. Far-UV CD spectra of heat-renatured monomeric *Cd*GSTM1 at pH 2.0 was superimposed on the native monomeric form of *Cd*GSTM1 at 20°C.

![Reversibility of thermal unfolding of dimeric and monomeric *Cd*GSTM1.\
Far-UV CD of dimeric and monomeric *Cd*GSTM1 (0.2 mg mL^-1^) in the native state (20°C), denatured state (75 or 94°C), and renatured state (cooled to 20°C). At low temperature, *Cd*GSTM1 in the dimeric and monomeric states adopt an α-helix conformation. In the heat-stressed condition, *Cd*GSTM1 in the dimeric state loses its secondary structure completely, while the monomeric form retained nearly half of the secondary structure with a dominant random-coil conformation. The dimeric form of *Cd*GSTM1 was unable to refold, while the monomeric form refolded completely to its secondary structure.](pone.0205274.g013){#pone.0205274.g013}

Discussion {#sec015}
==========

GSTs are structurally conserved and ubiquitous in virtually all organisms \[[@pone.0205274.ref022]\]. They are tremendously functionally divergent, which is an inevitable requisite for their role as major detoxification enzymes \[[@pone.0205274.ref046], [@pone.0205274.ref047]\]. The role of GSTs in multiple metabolic pathways and in stress responses in several organisms has been extensively studied \[[@pone.0205274.ref011], [@pone.0205274.ref048]\]. Moreover, GST has been used as a fusion tag for solubility enhancement, ease of purification, and other protein engineering purposes \[[@pone.0205274.ref049], [@pone.0205274.ref050]\]. Most GSTs are marginally thermostable at neutral pH. However, certain GSTs exhibit relatively higher thermo-stability and wider pH stability \[[@pone.0205274.ref051]--[@pone.0205274.ref053]\]. This study evaluated thermodynamic and conformational properties of the pH-induced structural changes in recombinant *Cd*GSTM1 via enzymatic assays, size-exclusion chromatography, intrinsic and extrinsic fluorescence, acrylamide quenching, far-UV CD, thermal shift assay, and dynamic multimode spectroscopy.

*Cd*GSTM1 was cloned in its native, soluble state in *E*. *coli*. Subsequently, it was purified to homogeneity, using affinity (GSH-agarose) and size-exclusion chromatography. The molecular weight of *Cd*GSTM1 was determined using SEC and was found to exist in the dimeric state in solution. Between pH 3.0 and 5.0 *Cd*GSTM1 undergoes a conformational change, resulting in nearly complete loss of enzyme activity. The crystal structure of Mu-class GST revealed that Tyr7 (catalytic residue) located at the NTD of one subunit interacts with the Phe57 located at the interface loop of the second subunit \[[@pone.0205274.ref020]\]. Destabilization of the interface loop, in turn, affects substrate binding and catalysis \[[@pone.0205274.ref054]\]. Hence, dimer interface interactions stabilize the loop conformation and are essential for enzyme activity.

Intrinsic tryptophan fluorescence provides information regarding polarity and hydrophobicity of the tryptophan microenvironment. It has been extensively used as a spectral probe to investigate protein tertiary structure \[[@pone.0205274.ref055]\]. Generally, interior tryptophan residues in folded proteins displayed fluorescence emission maximum below 340 nm, whereas upon protein unfolding, the fluorescence emission maximum red-shifted to 350--355 nm. *Cd*GSTM1 contains four tryptophan residues. A 3D model of *Cd*GSTM1 revealed that two of these (Trp8 and Trp46) are located proximal to the dimer interface (data not shown). The emission maximum of *Cd*GSTM1 at neutral pH was observed at 336 nm ([Fig 4](#pone.0205274.g004){ref-type="fig"}), suggesting that the tryptophan residues in the native conformation are significantly buried in the protein core. The tryptophan emission maxima were mostly unchanged from pH 5.0 to 10.0, suggesting that the tertiary structure of the protein was stable in this pH range ([Fig 4](#pone.0205274.g004){ref-type="fig"}). However, a sharp red-shift (6 nm) in the intrinsic emission maxima was observed between pH 3.0 and 5.0, with no further change in emission maxima below pH 3.0 ([Fig 4](#pone.0205274.g004){ref-type="fig"}). The red-shift in emission maxima resulted from changes in the tryptophan microenvironment from a non-polar to a polar environment during protein denaturation or dissociation of subunits of multimeric proteins or both \[[@pone.0205274.ref055]\]. A minor shift in emission maxima (from 336 to 342 nm) of *Cd*GSTM1 below pH 5.0 indicated a marginal change around the tryptophan residues in *Cd*GSTM1 at low pH. On treatment with a chemical denaturant (6 M GdnHCl), *Cd*GSTM1 undergoes complete unfolding with an emission maxima of 360 nm (data not shown).

Loss of enzyme activity seems to coincide with red-shift in emission maxima, indicating exposure of aromatic residues, especially tryptophan, to the polar environment. These data suggest the dissociation or denaturation, or both, of dimeric *Cd*GSTM1 below pH 5.0. An extrinsic fluorescence dye (ANS) does not fluoresce in an aqueous buffer but fluoresces when exposed to a hydrophobic environment. ANS does not bind or exhibit very low binding with the native and completely unfolded polypeptide chain; however, it binds with protein folding intermediates formed during unfolding \[[@pone.0205274.ref056]\]. ANS emission spectra, used to measure surface hydrophobicity, showed a blue-shift and a two-fold increase in fluorescence intensity between pH 3.0 and 5.0. Previously, ANS was found to bind the dimer interface, thereby decreasing the emission maximum from 535 nm to 490--500 nm, accompanied by an enhanced fluorescence signal \[[@pone.0205274.ref029], [@pone.0205274.ref030], [@pone.0205274.ref057]\]. The blue-shift in the ANS spectra revealed that the environment of the ANS-binding site is hydrophobic. RLS is routinely used to detect the quantity of aggregates in a solution \[[@pone.0205274.ref058], [@pone.0205274.ref059]\]. An increase in surface hydrophobicity did not affect the solubility of *Cd*GSTM1 at low pH.

The integrity of the *Cd*GSTM1 quaternary structure was assessed using SEC and glutaraldehyde cross-linking, which revealed that *Cd*GSTM1 dissociated into subunits at pH 4.0 and exists in a monomer-dimer equilibrium. However, at pH 2.0, it exists only as a monomer. Although 0.15 M NaCl was included in the gel filtration buffer to supress ionic interactions with the matrix, monomeric *Cd*GSTM1 had a retarding effect on the column. Therefore, we could not determine the molecular weight of the subunit.

The dimeric form often tends to contain Trp, Tyr, and Phe (large hydrophobic amino acid residues) at the dimer interface to anchor subunits \[[@pone.0205274.ref060]\]. A modelled structure of *Cd*GSTM1 revealed a conserved Phe57 residue at the dimer interface, which serves as the key of the hydrophobic lock-and-key motif ([Fig 1B](#pone.0205274.g001){ref-type="fig"}). The phenyl ring of Phe57 protrudes from the NTD of one subunit into a hydrophobic pocket generated within the C-terminal domain of the other subunit formed by alpha-helix 4 and 5 \[[@pone.0205274.ref036]\]. A mixed charge cluster (six positively and six negatively charged residues) in a 24-residue-long stretch (Arg78 to Glu101) located close to the dimer interface (data not shown) forms ionic interactions between subunits. Thus, dimeric *Cd*GSTM1 stabilized by charge-charge interaction and hydrophobic forces. The crystal structure of rat GSTM1-1 revealed that two groups of interactions (hydrophobic lock-and-key interaction motifs and ionic interactions) formed the core of the interface contacts and stabilized it \[[@pone.0205274.ref020], [@pone.0205274.ref026], [@pone.0205274.ref033], [@pone.0205274.ref054]\].

Far-UV CD spectroscopy has been extensively used in analysing the secondary structure of the protein under different conditions. In this study, the far-UV CD spectrum of *Cd*GSTM1 displayed a typical alpha-helix-structure dominant structure ([Fig 5A](#pone.0205274.g005){ref-type="fig"}). All the secondary structures (alpha helices, beta sheets, and beta-turns) contents were almost intact between pH 1.0 and 7.0. In the alkaline region, slight conversion of the alpha helix to the random-coil was observed ([Fig 5B](#pone.0205274.g005){ref-type="fig"}). Although *Cd*GSTM1 lost its activity at a low pH and changes in tertiary structure also occurred below pH 5.0, far-UV CD revealed that *Cd*GSTM1 retains nearly all structures below pH 5.0. These data suggest that *Cd*GSTM1 dissociates below pH 5.0 but does not denature. Monomeric *Cd*GSTM1 was folded and was soluble but inactive owing to the requirement of a substrate interface for substrate binding.

Thermal shift assay based on intrinsic tryptophan fluorescence and thermal transition based on far-UV CD spectra of the proteins are orthogonal techniques, which have been extensively used to monitor protein stability under different conditions \[[@pone.0205274.ref061], [@pone.0205274.ref062]\]. Thermal melting curves based on changes in the tertiary structure of *Cd*GSTM1 revealed that it follows two-state thermal unfolding at pH 1.0 to 10.0. The protein was moderately thermostable, and its thermostability increased significantly below pH 3.0. Thermal stability based on secondary structure (far-UV CD) also had similar *Tm* values and temperature-induced unfolding pathways of dimeric and monomeric *Cd*GSTM1 compared to those obtained with the thermal shift assay \[[@pone.0205274.ref062]\]. The present results show that dimeric *Cd*GSTM1 undergoes a sharp thermal transition with a large change in van\'t Hoff enthalpy (666.4 ± 9.8 kJ mol^-1^), while the monomeric form undergoes broad range of thermal transitions (approximately 40°C) with lower van\'t Hoff enthalpy 116.5 ± 0.8 kJ mol^-1^. Dimeric *Cd*GSTM1 attains cross-beta sheeted structures during thermal unfolding, which undergoes irreversible thermal aggregation. However, alpha helices in monomeric *Cd*GSTM1 were gradually converted to random-coil-like structures during thermal unfolding, which was completely reversible. Similar thermal unfolding behaviour was also observed in rat GSTM2-2, which unfolds via a single transition with a *Tm* of 54°C \[[@pone.0205274.ref036]\].

Understanding protein stability is necessary to gain insights into protein folding, structure, and function. Proteins that are marginally stabilized exceed a minimal threshold to attain a native conformation and function \[[@pone.0205274.ref063], [@pone.0205274.ref064]\]. Generally, thermodynamic stabilities of most water-soluble globular proteins varies from 12 and 42 kJ/mol \[[@pone.0205274.ref064]\]. The protein is stabilized via a delicate balance between certain forces and interactions. Hydrophobic forces and electrostatic interactions are major factors determining protein stability. To balance optimum biological function and conformational stability, electrostatic interactions are optimised in proteins \[[@pone.0205274.ref065]\]. Analysis of pH-dependent protein stability helps understand electrostatic interactions in proteins and the contribution of specific charged residues in protein structure and function. The thermodynamic stability of proteins in the native and denatured state are linked to pKa groups of the side chains, which is pH-dependent. The pKa values of the residues in the native and unfolded states depend on several factors: charge-charge, H-bonds, charge-dipole, and desolvation effects. The degree of interactions between charged resides and the rest of the protein in the native or denatured forms determines the titration properties of the ionisable groups. Generally, proteins lose structure-function and stability below pH 5.0 and above pH 10.0 owing to ionization of buried ionisable residues (e.g., Tyr, His) in the folded native state. In the strong acidic or alkaline region, ionisable residues from the surface to the core of the proteins gradually get ionized and lead to protein unfolding. The relatively higher stability of monomeric *Cd*GSTM1 compared to that of dimeric *Cd*GSTM may have resulted from higher intra-chain interactions within the monomer. The overall data is schematically presented in [Fig 14](#pone.0205274.g014){ref-type="fig"}. Briefly, *Cd*GSTM1 exists in dimeric state at pH 7.0 while it equilibrated in dimer-monomer form at pH 4.0. At acidic pH of 2.0, it is populated in monomeric form. The dimeric form was having relatively less thermal stability than the monomeric form.

![Graphical representation of pH-dependent monomerization, and conformational changes in *Cd*GSTM1 and temperature-induced unfolding of monomeric and dimeric *Cd*GSTM1.](pone.0205274.g014){#pone.0205274.g014}

Material and methods {#sec016}
====================

Materials {#sec017}
---------

GSH-agarose was purchased from GenScript, USA. Superdex 75 and Superdex 200 increase-prepacked column was from GE Healthcare Life Sciences. All chemicals and kits were purchased from Sigma-Aldrich Chemical Company, St. Louis, MO, USA, Bio Basic Inc., Toronto, ON, Canada, New England Biolabs, MA, USA and Qiagen, CA, USA.

Multiple sequence alignment and structural analysis {#sec018}
---------------------------------------------------

The homologous mammalian sequences of GSTM1 was identified using *Cd*GSTM1 (accession number XP_010974221.1) amino acid sequence in PSI-BLAST. Ten homologous sequences of *Cd*GSTM1 were retrieved from database. Multiple sequence alignment was done using MAFFT Multiple Sequence Alignment and Jalview \[[@pone.0205274.ref040], [@pone.0205274.ref066]\]. The output of aligned sequences was color-coded. Three--dimentional structure *Cd*GSTM1 was modelled using Swiss-model server \[[@pone.0205274.ref067]\] using human glutathione S-transferase *h*GSTM1a-1a (PDB: 1GTU) as a template. The 3D structure of GSTM1 was analyzed using PyMOL software \[[@pone.0205274.ref068]\].

Expression of *Cd*GSTM1 in *Escherichia coli* BL21 (DE3) {#sec019}
--------------------------------------------------------

Codons in the open reading frame (ORF) of *Cd*GSTM1 were optimized for expression in *E*. *coli* BL21(DE3), maintaining the same amino acid sequence encoded by the gene (accession number HM475154), cloned in pET-3a(+) expression vector under the control of T7 promotor (Genscript) and used to transform *E*. *coli* BL-21(DE3). Recombinant *Cd*GSTM1 was induced using in 1 L LB-modified medium supplemented with 2 g L^-1^ lactose, 5 g L^-1^ glycerol, 5 g L^-1^ yeast, 10 g L^-1^ peptone, 0.5 g L^-1^ glucose, 0.7 g L^-1^ sodium sulfate, 2.5 g L^-1^ ammonium chloride, 0.1 g L^-1^ magnesium chloride, 0.1 g L^-1^ calcium chloride, 0.1 g L^-1^ potassium chloride, and 100 μg mL^-1^ ampicillin. The inoculated medium was incubated at 30°C with continuous agitation (160 rpm). The biomass obtained from approximately 24 h of culturing was harvested via centrifugation (6,000 ×g, 15 min) and weighed (approximately 3.6 g L^-1^). Thereafter, it was re-suspended in 10 mL of lysis buffer; 50 mM potassium phosphate buffer (pH 8.0), containing 300 mM NaCl, 1 mM phenylmethylsulfonyl fluoride (PMSF), and 1 mM Dithiothreitol (DTT). Cells were lysed via sonication five times for 8 seconds each, in ice, using an ultrasonicator (Soniprep 150 plus, MSE, UK), followed by centrifugation at 16,000 ×g for 15 min, and the clear supernatant was collected.

Purification of recombinant *Cd*GSTM1 {#sec020}
-------------------------------------

Recombinant *Cd*GSTM1 was purified using GSH-agarose adsorbent (2 mL; Genscript). The matrix was firstly washed with 10 mL equilibration buffer (50 mM potassium phosphate buffer \[pH 7.5\], 300 mM NaCl, 1 mM PMSF, 1 mM DTT, and 5% glycerol). The crude homogenate (10 mL) was loaded onto the column, and unbound proteins were washed with 50 mM potassium phosphate buffer \[pH 7.5\] containing 300 mM NaCl. Elution of bound *Cd*GSTM1 was achieved with 50 mM Tris-HCl buffer \[pH 8.0\] and 10 mM of GSH.

Active fractions were pooled and subjected to size-exclusion chromatography to eliminate minor impurities and reduced glutathione. Superdex 75 16/600 GL prepacked column was equilibrated with 50 mM phosphate buffer containing 150 mM NaCl at pH 7.5. The active fraction of GSH-agarose elute was pooled and loaded on a column using a 5 mL superloop on an AKTA purification system. The purity of the gel filtration peak was analysed with a 4--15% mini-PROTEAN pre-casted TGX gel (Bio-rad) and stained with Coomassie Brilliant Blue G-250. The concentration of purified *Cd*GSTM1was estimated at spectrophotometrically at 280 nm, with a molar extinction coefficient of 39,880 M^−1^cm^−1^.

The molecular weight of the *Cd*GSTM1 was calculated using a Superdex 200 increase 10/300 GL Prepacked Tricorn Column, calibrated with five proteins: thyroglobulin (669 kDa), ferritin (440 kDa), aldolase (158 kDa), conalbumin (75 kDa), and ovalbumin (44 kDa). Purified *Cd*GSTM1 (2.5 mg mL^-1^) in 50 mM Phosphate buffer containing 150 mM NaCl at pH 7.0 was applied on the column using a 500 μL superloop. To determine the quaternary structure at different pH, 0.25 mg *Cd*GSTM1 at different pH (2.0, 4.0, and 7.0) were loaded on the column pre-equilibrated with buffer containing 150 mM NaCl at the aforementioned three values of pH.

GST assay {#sec021}
---------

*Cd*GSTM1 activity was determined spectrophotometrically based on the increase in UV absorbance at 340 nm at 25°C owing to the conjugation of GSH with 1-chloro-2,4 dinitrobenzene (CDNB) in accordance with a previously reported method \[[@pone.0205274.ref041]\], with an extinction coefficient of 9.6 mM^-1^ cm^-1^. The reaction was carried out in 1 mL of 0.1 M potassium phosphate buffer (pH 6.5), 1.0 mM GSH, and 1.0 mM CDNB dissolved in ethanol and the enzyme preparation. One unit of *Cd*GSTM1 activity was defined as the amount of GST that catalyses the formation of 1.0 μmole of thioether per min.

Exposure of *Cd*GSTM1 to varying pH {#sec022}
-----------------------------------

*Cd*GSTM1 (0.2 mg mL^-1^) was equilibrated overnight with buffers pH 1.0 to 10.0 at 22°C. The following buffers (50 mM each) were used: KCl-HCl (pH 1.0); Gly-HCl (pH 2.0 and 3.0); acetate buffer (pH 4.0 and 5.0); phosphate buffer (pH 6.0 and 7.0); Tris-HCl (pH 8.0); Gly-HCl (pH 9.0 and 10).

Fluorescence spectroscopy {#sec023}
-------------------------

Total and tryptophan fluorescence emission spectra were measured at 25°C in a Cary Eclipse Fluorescence Spectrophotometer (Agilent Technologies, California, USA), coupled with Peltier temperature controller. *Cd*GSTM1 (0.1 mg mL^-1^) at different pH (1.0--10.0) in a 10-mm path-length cuvette was excited at 295 nm (bandwidth, 5 nm each) for recording total and tryptophan fluorescence emission spectra, respectively. For aggregation studies of *Cd*GSTM1at different pH, the Rayleigh light scattering (RLS) method was used. *Cd*GSTM1 concentration at different pH was maintained at 0.1 mg mL^-1^. The *Cd*GSTM1 sample was excited at 500 nm, and emission was collected from 450--550 nm. The bandwidth of excitation and emission slit was 1.5 nm. Fluorescence intensity at 500 nm was plotted against different pH. The change in surface hydrophobicity with respect to pH was measured using 8-anilinonaphthalene-1-sulfonic acid (ANS) extrinsic fluorophore. Fifty-molar excess of ANS was added in the *Cd*GSTM1 samples at different pH and incubated at room temperature for 30 min. Subsequently, samples were excited at 380 nm (2.5 nm bandwidth), and emission of ANS-bound proteins was measured at 400--600 nm (5-nm bandwidth).

Acrylamide quenching {#sec024}
--------------------

Stepwise two μl of acrylamide quencher was added from the stock of 5.0 M into incubated protein (0.10 mg mL^-1^) samples. The quencher was added to the protein samples till saturation was achieved (0--0.12 M). The Trp residues of protein sample were excited at 295 nm, and the emission spectrum was recorded at 300--400 nm. Reduction in fluorescence intensity at wavelength maximum was analyzed using the Stern--Volmer equation. $$\frac{Fo}{F} = 1 + Ksv\left\lbrack Q \right\rbrack$$ where Fo and F are the fluorescence intensities at maximum wavelength in the absence and presence of the quencher, respectively, Ksv is the Stern--Volmer quenching constant, and \[Q\] is the concentration of the quencher.

Thermal shift assay {#sec025}
-------------------

Thermal stability of *Cd*GSTM1 at different pH was analysed by continuously heating samples at 1°C min^-1^ from 30--90°C. The actual temperature of the samples was monitored using an internal temperature probe. The samples were excited at 295 nm (10-nm bandwidth) and data were collected at 330, 340, and 350 nm (10-nm bandwidth).

Circular dichroism spectroscopy {#sec026}
-------------------------------

Far-UV CD measurements were obtained using a Chirascan Plus spectropolarimeter (Applied Photophysics Ltd, UK), coupled with a Peltier temperature controller. The instrument was calibrated with (1S)-(+)-10-camphorsulphonic acid. The far-UVCD spectra were measured at a *Cd*GSTM1 concentration of 0.2 mg mL^-1^ with a 1-mm path length cell at 25°C. Three spectra of each sample were obtained at 200--260 nm. Air and buffer blank were subtracted from each spectrum. Percent secondary structure content was calculated using CDNN software.

Dynamic multi-mode spectroscopy of *Cd*GSTM1 at pH 2.0 and 7.0 was performed with a Chirascan-Plus spectrophotometer. Protein samples (0.2 mg mL^-1^) equilibrated overnight at pH 2.0 and 7.0 were gradually heated at 1°C min^-1^, and far-UV CD spectra were recorded at 200--250 nm. The actual sample temperature was monitored using an internal temperature probe. Thermal melting curves were analysed using Chirascan's Global 3 software, Applied Photophysics Ltd, UK.

Glutaraldehyde cross-linking {#sec027}
----------------------------

Glutaraldehyde cross-linking was performed in accordance with a previously reported method \[[@pone.0205274.ref069]\] with slight modification. Briefly, 0.2 mL of *Cd*GSTM1 (0.5 mg mL^-1^) at pH 2.0, 4.0, and 7.0 were treated with 0.25% glutaraldehyde at room temperature for 15 min. Subsequently, cross-linking was quenched by addition of 0.2 M sodium borohydride and incubated for 20 min at room temperature. Thereafter, 0.005 mL of 10% sodium deoxycholate was added. The cross-linked protein was precipitated by decreasing the pH to 2.0--2.5 via addition of orthophosphoric acid. The precipitated protein was separated via centrifugation at 13,000 rpm for 10 min at 4°C. The pellet was dissolved in SDS-loading dye.
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